Introduction
Surgery is a primary method of treatment for more than 50% of patients with some form of cancer [1] . Current diagnostic imaging techniques are primarily based on computed tomography, positron emission tomography, magnetic resonance imaging, and ultrasound. These can be limited in their ability to differentiate benign and malignant lesions, especially for small tumors [2] . Detection of small malignant lesions and residual cancer cells remaining at the surgical margin impacts tumor recurrence, follow-up treatment, and ultimately, patient survival.
Use of NIR fluorescence imaging in cancer surgery could be paradigm shifting, resulting in decreased healthcare costs and better patient survival. NIR light can penetrate tissue on a millimeter scale, while visible light can only penetrate on the order of micrometers. NIR fluorophores offer several advantages over UV-Vis dyes, such as deeper tissue penetration due to lower absorbance and scatter from hemoglobin and water, decreased autofluorescence from endogenous fluorophores, and minimum photo damage to the native tissue [2] [3] [4] . Intraoperative NIR imaging enables visualization of superficial tumors (<8 mm below surface of tissue) and local metastatic lesions, is relatively safe for patients and surgeons, and has the potential for specific targeting [5] . NIR dyes have been used to explore various applications regarding in vitro and in vivo imaging, including, pH changes, biomolecules, reactive oxygen and reactive nitrogen species signaling, metal ions and enzymes [3] . Currently available FDA-approved NIR dyes, indocyanine green (ICG) and methylene blue, are non-specific [6, 7] . Demand for new probes that have higher photo-stability, quantum yield, Stoke's shift, and ease of modification for various applications is required for the next generation of specifically targeted NIR fluorescent bioconjugates. For example, IR800-CW (LI-COR Biosciences, Lincoln, NE) conjugated to bevacizumab (against VEGF) is being studied in patients in Phase I clinical trials [8] .
NPs have gained recent attention in biomedical imaging and especially for image-guided surgery [9] [10] [11] . Fluorescent dyes and drugs embedded in the core of nanomaterials have been shown to possess higher chemical stability (against enzymes or ROS) and photo stability, improved water solubility, and targetability. Furthermore, macromolecules in general, including NPs, can preferentially accumulate in tumors due to enhanced vascular permeability and poor lymphatic drainage [12] . Specificity can be enhanced by conjugation of targeting ligands to improve intra-tumoral accumulation, drug efficacy, and reduced off-target toxicity [13, 14] . To that end, HA, a non-sulfated glycosaminoglycan comprised of disaccharide repeat units of alternating (1-3)-β linked N-acetyl-D-glucosamine and (1-4)-β linked D-glucuronic acid, is a biopolymer uniquely suited for biomedical applications. HA is biocompatible and biodegradable by HYALs, which are overexpressed in many tumors [15] [16] [17] . Of note, HA is a ligand for CD44, which is receptor commonly present on many primary tumor cells, cancer-initiating cells, and tumor-associated fibroblasts [18, 19] .
Several groups have attempted to take advantage of CD44's endogenous ligand, HA, to develop NPs that can target multiple types of cancer for drug and/or imaging agent delivery [20] [21] [22] . One common method of NP formation using HA is modification with hydrophobic ligands and polymers. For example, ceramide, bile acids, or polymers such as poly [lactide-(co-glycolic acid)] (PLGA), poly (β -amino ester) have been conjugated or grafted to HA to drive selfassembly into nanoparticles for targeted delivery of therapeutic moieties. [20, 21, [23] [24] [25] [26] [27] [28] .
Likewise, we have recently described HA-derived NPs that entrap ICG, termed NanoICG, for image-guided surgery using human breast tumor xenografts in mice [28] . In this case, HA was modified with different hydrophobic ligands to form self-assembled micelle-like structures that could entrap ICG. Although NanoICG demonstrated significantly higher contrast to noise compared to ICG alone, the physical entrapment of ICG has inherent limitations in determining the role and distribution of amphiphilic HA, as ICG can also associate with serum proteins [7, 29] .
Furthermore, it has been shown that for a polymer, molecular weight plays a large role in fundamental NP properties such as size, toxicity and in vivo behavior [30, 31] . This work presents an initial analysis into the effect of HA MW and hydrophobic ligand content on NP properties. Accordingly, we have designed and developed a panel of HA-derived nanoparticles using the NIR dye Cy7.5 directly conjugated to HA. We report here the effect of HA molecular weight, hydrophobic ligand content, and direct dye conjugation on the physical, chemical, optical, and biological properties of HA-derived nanoparticles in vitro. These studies lay the foundation for the next generation of HA-based NIR imaging agents for image-guided surgery.
Materials and Methods

Materials
HA (10 and 100 kg/mol) was purchased from LifeCore Biomedical (Chaska, MN). 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC), N-hydroxysuccinimide (NHS) and N,Ndimethylformamide (DMF) were purchased from Fisher Scientific. 5-beta cholanamide (5β CA) CA)
was synthesized from 5-beta cholanic acid (Fisher Scientific) using a previously published procedure [22, 28] . All reagents were used without further purification unless specified otherwise.
Cy7.5-amine was obtained from Lumiprobe Corporation (Hallandale Beach, FL). Desalting PD10 columns and dialysis membranes (3,500 MWCO and 6,000-8,000 MWCO) were purchased from GE healthcare and Fisher Scientific, respectively. NMR was performed on a 500
MHz Bruker or 600 MHz Varian system using a 5 mm probe at room temperature. Size exclusion chromatography (SEC) was performed in an aqueous mobile phase containing 0. NP nomenclature is as follows: NanoCy7.5 x-y , where NanoCy7.5 refers to HA conjugated to Cy7.5, x = HA molecular weight used for conjugates, and y refers to either no (∅), low (L) or high (H) 5βCA content.
SEC was used to measure the degradability of HA by HYAL after modification with a hydrophobic moiety. Briefly, either HA (100 kDa) or HA 100 -5βCA H (2 mg/ml) was dissolved in PBS (pH 7) containing 0.5 mg/mL (200-500 units) of HYAL (from bovine testes, Sigma Aldrich) and incubated at 37 °C for 24 h. Each sample, including HYAL alone, was then subjected to SEC using the parameters above. Changes in retention time and chromatogram shape between HA (100 kDa) and HA 100 -5βCA H were then compared. foil to avoid light exposure. After the reaction mixture was stirred for at least 12 h, the product was purified from excess reactants, DMSO and other impurities using dialysis. The reaction mixture was placed in a dialysis bag with MWCO of 3500 (10kDa HA-5β CA CA derivatives) or 6000-8000 Da (100kDa HA-5β CA CA derivatives) and dialyzed against water for 24h with 4-6 water changes. Residual unconjugated Cy7.5 dye was removed from the HA-conjugates via a PD10
desalting columns with ultrapure water as a mobile phase. The product fraction was freeze-dried to obtain fluffy, light-green product (NanoCy7.5 10-∅, NanoCy7.5 10-L, NanoCy7.5 10-H, NanoCy7.5 100-∅, NanoCy7.5 100-L and NanoCy7.5 100-H ). Yields: NanoCy7.5 10-∅ (yield= 56%), NanoCy7.5 10-L (yield = 48%), NanoCy7.5 10-H (yield = 52.3%), NanoCy7.5 100-∅ (yield = 64.2%), NanoCy7.5 100-L (yield = 44%), NanoCy7.5 100-H (yield = 53.3%).
Nanoparticle Characterization
Particle size and hydrodynamic diameter (HD) of all the NPs were obtained using dynamic light scattering (DLS) with a ZetaPlus system (Brookhaven Instruments Corporation;
Holtsville, NY). Zeta potential of all NPs was obtained using a ZetaSizer Nano ZS90 (Malvern;
Malvern, UK). NP samples were prepared by dissolving in ultrapure water (1mg/mL) and Edison, NJ, USA), and a Pearl Impulse Animal Imaging System (LI-COR; Lincoln, NE).
Conjugation ratio of Cy7.5 dye to HA was determined using standard curve developed for Cy7.5 dye in 1:1 water:DMSO.
2.5. Nanoparticle Cytotoxicity NP toxicity was studied using the CCK-8 assay (Dojindo, Japan). Human breast (MDA-MB-231) or prostate cancer (PC-3) cells were seeded in 96-well plate at 25,000 cells/well density using DMEM media with 10% FBS and 1% P/S a day before NP treatment. NPs were dissolved in serum-free media at several concentrations (0, 0.01, 0.05, 0.1 mg/mL) and 200 µL of NP solution was added to the each well. Cells were treated with NPs for 24 h and then washed twice with PBS. Next, 100 µL of 10% solution of CCK-8 reagent in media was added to each well and incubated at 37 °C for 1 h. After 1 h, 90 µL of CCK-8 solution was transferred to new 96-well plate to prepare for the absorbance assay. The absorbance of each solution was measured at 450 nm using Spectramax M5 spectrophotometer (Molecular Devices, Sunnyvale, CA).
Viability of NP treated cells was compared to untreated control cells.
Characterization of NP Uptake with Flow Cytometry
NP uptake in human breast and prostate cancer cell lines at 37 °C and 4 °C was studied using flow cytometry (FACSAria II, BD Bioscience, San Jose, CA, USA). Cells were seeded in 12-well plates at 10 5 cells/well using DMEM culture media with 10% FBS and 1% P/S 24 h prior to NP treatment. Next, 1 mL of DMEM (serum-free) media containing 10 kDa and 100 kDa NPs with variable ligand content (NanoCy7.5 10-∅ NanoCy7.5 10-L , NanoCy7.5 10-H, NanoCy7.5 100-∅ , NanoCy7.5 100-L and NanoCy7. in this case HA, the endogenous ligand of CD44 and can act as an inhibitor of NP uptake [27] .
Flow cytometry (FACSAria II, BD Bioscience, San Jose, CA, USA) and confocal microscopy (Olympus Fluoview FV10i) were performed after incubation with NanoCy7.5 and HA as follows: cells were pre-incubated with unmodified HA for 1 h at 37 °C in serum-free DMEM media. After 1 h, media was removed and NPs were added to the pretreated cells along with free HA and incubated further for 1 h. After NP incubation, the cells were treated as described above.
Cy7.5 fluorescence from cells pretreated with HA was compared with fluorescence from untreated cells for the same incubation time.
Results
Synthesis of Amphiphilic Hyaluronic Acid Conjugates and Self-Assembled Nanoparticles
HA was functionalized with the hydrophobic ligand, 5β CA, CA, to form amphiphilic conjugates that could self-assemble in water. 5β CA CA was synthesized from commercially available 5-beta cholanic acid via two-step process as described previously [22, 28] . The extent of 5β CA functionalization was characterized with NMR by integrating N-acetyl protons (at 2.03 ppm) on HA with methyl protons on 5β CA (0.65 ppm) as previously reported [22, 28] . For both the high and low 5β CA feed ratios with HA, conjugation efficiency of 80-90% was obtained ( Table 1) .
Cy7.5 conjugation, also via EDC/NHS, significantly increased in efficiency with an increase in 5βCA content on HA. Conjugation efficiency was ~11 % when coupling Cy7.5 directly to HA, which increased to average of ~35% efficiency for NPs with 30% ligand conjugation ( Table 1) .
Thus, we speculate that the increase in hydrophobicity of HA may have created more favorable conditions for hydrophobic dye functionalization.
Degradation with HYAL
HA (100 kDa) and HA 100 -5β CA H were subjected to HYAL degradation for 24 h and analyzed using SEC for changes in MW (Figure 1 ). The chromatogram for HA 100 prior to HYAL treatment ( Figure 1A) was to the left of HA 100 -5β CA H even though MW of the amphiphilic conjugate is higher. This is likely due to more compact structure of HA 100 -5β CA H compared to random coil and expanded morphology of free HA during its elution through size exclusion column in a mobile phase. 
Particle Size and Zeta Potential Determination
NanoCy7.5 diameters were determined by DLS and TEM (Figure 2) . NP size was highly dependent on MW of the HA backbone. NanoCy7.5 based on 10 kDa HA had effective diameters that ranged from 100 to 130 nm, while those based on 100 kDa HA were significantly larger, ranging between 300 and 600 nm (Figure 2A) . Overall, we observed an increase in particle size upon conjugation of HA with a hydrophobic moiety since NanoCy7.5 10-L , NanoCy7.5 10-H , NanoCy7.5 100-L, and NanoCy7.5 100-H have higher particle sizes compared to their analogues without 5βCA, NanoCy7.5 10-∅ and NanoCy7.5 100-∅. For NanoCy7.5 10-∅ and NanoCy7.5 100-∅ , i.e. when no hydrophobic moiety is present, Cy7.5 in a small quantity ~0.2 mol% is not enough to drive stable self-assembly of HA polymer chains. This is evidenced by the optical properties ( Figure 3A) , where NP containing no 5βCA had only a modest effect on fluorescence-quenching, compared to NanoCy7.5 10-L , NanoCy7.5 10-H , NanoCy7.5 100-L, and NanoCy7.5 100-H . With the introduction of 5βCA, a more well-defined hydrophobic region is formed resulting in an increase in particle size and fluorescence quenching as described below in Section 3.4.
The particle size determined with TEM was smaller than DLS due to dehydration of the HA component of the NP during TEM sample preparation [32, 33] . For example, in Figure 2B , NanoCy7.5 10-H diameter was 80% smaller (~20 nm) compared to the HD determined by DLS; NanoCy7.5 100-H , diameter was approximately 75% smaller as measured by TEM.
Zeta potential of each NP was negative, as expected due to the carboxylate groups on HA (Table 1) . Zeta potential values ranged from -39.8 mV for NanoCy7.5 100-∅ to -31.9 mV for NanoCy7.5 100-H . For NP series based on either 100 kDa HA or 10 kDa HA zeta potential increased with increasing hydrophobic moiety content; however, this trend was not statistically significant. dye was performed in water to determine particle sizes (A). Number average size distribution profiles of HA NPs formed with variable hydrophobic ligand content: no ligand, 10%, and 30%
(theoretical). B) TEM of NanoCy7.5 10-H and NanoCy7.5 100-H showed significant reduction in particle size (40nm for NanoCy7.5 10-H and ~200 nm for NanoCy7.5 100-H ) compared to DLS. Scale bars are 500 nm.
Optical Properties
The NIR absorption and fluorescence of the NanoCy7.5 NPs were studied in 1:1 solution of H 2 O:DMSO to study the effect of self-assembly and disassembly on the optical properties. All the NPs were studied at concentration of 0.2 mg/mL, where no aggregation behavior was observed (determined by DLS, data not shown). NanoCy7.5 NPs exhibited a broad extinction spectrum in water ( Figure 3A,B) . In the H 2 O:DMSO solution, the absorbance spectra regained the shape characteristic of Cy7.5. Correspondingly, Cy7.5 fluorescence was quenched to varying degrees in H 2 O compared to the strong fluorescence in H 2 O:DMSO (Figure 3A,B) . The combined observation of a broad extinction spectrum in water and quenched fluorescence is indicative of fluorophores that closely pack as part of the nanoparticle self-assembly process [28, 34] .
The effect of hydrophobic moiety content and HA MW on extinction and fluorescence properties was also compared ( Figure 3C) . Conjugation of Cy7.5 to HA (both 10 and 100 kDa) resulted in attenuated fluorescence signal, likely due to the relatively hydrophobic nature of the dye. Similar quenching was observed by Mok, et al., when ICG was directly conjugated to HA [34] . NanoCy7.5 10-L and NanoCy7.5 100-L had nearly complete quenching. Unexpectedly, NanoCy7.5 that had higher 5βCA content had a lower degree of fluorescence quenching. We hypothesize that higher 5βCA content created "soluble" domains for Cy7.5 resulting in reduced self-aggregation and self-quenching. This is further corroborated with NIR imaging of NanoCy7.5 100-∅ and NanoCy7.5 100-L with a NIR imaging system in 800 nm channel ( Figure 3A ,B inset). Confocal microscopy was used visualize the localization of NanoCy7.5 within the cells.
At 37 °C, co-localization of NanoCy7.5 fluorescence (red) with endosomal marker, Rab 5
(green) was confirmed and localized predominantly near the nucleus (blue), Figure 5C . No difference was observed between NPs prepared with 10 kDa or 100 kDa HA with respect to localization (data not shown). NPs fluorescence (Cy7.5, red) was significantly diminished at 4 °C compared to 37 °C, while the nuclear stain and Rab5 signal remained consistent at 4 °C, which suggests decreased NP uptake due to inhibition of energy-dependent endocytosis at 4 °C. 
Nanoparticle Uptake in Presence of Excess Hyaluronic Acid
Uptake of NanoCy7.5 NPs in MDA-MB 231 cells was carried out in the presence of excess HA. HA is an endogenous ligand for CD44 and RHAMM receptors which are overexpressed on several cancer types. Thus, we postulated that NanoCy7.5 cellular uptake could be blocked by pretreatment with an excess of HA and serve as a measure of CD44 targeting by NanoCy7.5. NanoCy7.5 uptake was determined by flow cytometry after a 1 h incubation in cells with and without pretreatment of HA. Unexpectedly, when NanoCy7.5 10-∅, NanoCy7.5 10-L and NanoCy7.5 10-H were pre-incubated with 10kDa HA (which corresponds with MW in those NPs), no significant decrease Cy7.5 signal was observed. In contrast, preincubation of cells with 100 kDa HA inhibited uptake (as measured by % cells positive for Cy7.5) of NanoCy7.5 100-∅, NanoCy7.5 100-L and NanoCy7.5 100-H (Figure 6 ) depended on 5β CA CA content. NanoCy7.5 100-H had the highest uptake inhibition (up to 50%) compared to NanoCy7.5 100-L and NanoCy7.5 100-∅. These results demonstrate that HA MW strongly contributes to NP targeting. It is interesting to note that longer incubation times, e.g. 8 h and 24 h, of NPs with cells that had been pre-treated with HA resulted in a high percentage of cells positive for Cy7.5, indicating that free HA was only capable of blocking NanoCy7.5 uptake over relatively short periods of time, which could potentially be attributed to NP and HA cycling through endo-and exocytosis and reached equilibrium with the receptor.
Figure 6:
Targeting ability of NanoCy7.5 NPs to CD44 positive cells was studied using FACS in MDA-MB 231cells (A-C) and confocal microscopy (D and E). NanoCy7.5 uptake was studied by pretreating MDA-MB 231 cells with 10 kDa or 100 kDa HA for 1 h prior to NP treatment.
NanoCy7.5 10-∅, NanoCy7.5 10-L, NanoCy7.5 10-H were pretreated with 10 kDa HA and NanoCy7.5 100-∅, NanoCy7.5 100-L, NanoCy7.5 100-H pretreated with 100 kDa HA. There was no significant change in NP uptake (A) upon treatment of NanoCy7.5 10-H with 10kDa MW HA. However, a significant decrease in NP uptake was observed upon pretreatment of NanoCy7.5 100-H with 100 kDa HA (B).
The comprehensive FACS results for all the NPs types are presented in (C). Using confocal microscopy analysis, pretreatment with 100 kDa HA resulted in a significant decrease NP fluorescence (D) compared to control (E). The scale bar represents 20 µm for all microscopy images.
Discussion
We sequentially modified native HA with hydrophobic ligand 5β CA and the NIR dye CA and the NIR dye Cy7.5 with routine EDC/NHS chemistry in mild aqueous reaction conditions. Functionalization efficiency of the hydrophobic ligand was close to 90% for both MW HA as determined from NMR integration. The extent of Cy7.5 conjugation was primarily quantified via UV-Vis absorption of NanoCy7.5 in water: DMSO mixture and was up to 1.25 mol%. The particle size of the NP as determined by both DLS and TEM was dependent on the MW of HA, producing significantly larger particles (~300-400 nm) with 100 kDa HA compared to 10 kDa (~50-100 nm). The critical micelle concentration of similar NPs has previously been reported between 25-170 µg/ml, depending on the degree of substitution [25] .
The fluorescence quenching observed with NanoCy7. [34] . Due to self-assembly and energy transfer between dye molecules in the close proximity of each other, ICG fluorescence signal was quenched under aqueous conditions in absence of HYAL. However, a significant increase in fluorescence signal was observed with increase in addition of hyaluronidase enzymes that can degrade the ICG nanogels and disrupt the self-assembly. The quantum yield of these conjugates is likely to be similar to that of nonconjugated Cy7.5, which is estimated to have a quantum yield similar to that of indocyanine green and IR800 of between 5-10% [36, 37] .
Cytotoxicity studies performed on CD44 + breast cancer and prostate cancer cell lines.
NanoCy7.5 NPs were found to be non-toxic at the concentration tested under physiological concentrations using CCK-8 viability assay, consistent with previously developed HA NP formulations [22, 28] . Cellular NP uptake was significantly reduced at 4 °C compared to 37 °C for both MDA-MB 231 and PC-3 cell lines. NP fluorescence was observed throughout the cell and prominently around peri-nuclear region. This is similar to results obtained by Choi et al. with similar results seen in vivo [25] . The study reported here suggests that both the HA MW in the NP and the MW of HA acting as the inhibitor can significantly affect cellular targeting and uptake. We postulate that pre-incubation of cells with 100 kDa HA leads to multivalent, tighter binding with the receptors, which prevents further uptake of NPs through receptor-mediated endocytosis. It is interesting to point out, that uptake inhibition was correlated with amount of hydrophobic ligand present in 100 kDa HA NPs, NanoCy7.5 100-H had the highest inhibition (50% of cells positive for Cy7.5) compared to NanoCy7.5 100-L (60% Cy7.5 positive) and NanoCy7.5 100-∅ (90% Cy7.5 positive). In the case of 10 kDa HA NPs, no change in NP uptake was observed with increase in hydrophobic content. Thus the possibility exists that NanoCy7.5 based on 10 kDa HA NPs can be internalized by mechanisms in addition to CD44 or RHAMM-receptor mediated endocytosis. However, for NanoCy7.5 based on 100 kDa HA, the primary pathway of cellular uptake is dependent HA-receptor interaction, e.g. CD44 or RHAMM, since uptake was inhibited by free HA. Uptake was not inhibited entirely by free HA, however, indicating that modification of 100 kDa HA by 5βCA and Cy7.5 influences the cellular interaction. Rather unexpectedly, 100 kDA with the highest degree of modification, NanoCy7.5 100-H was inhibited to the greatest extent by free HA. An additional explanation is the relationship between NP size and uptake. Each of the NPs based on 10 kDa HA showed strong uptake ( Figure 6C ) and each is below 120 nm (hydrodynamic diameter). NanoCy7.5 100-H and NanoCy7.5 100-L are significantly larger (> 400 nm) and are inhibited to 50% or 60% of cells positive for Cy7.5. On the other hand, NanoCy7.5 100-∅ had strong uptake relative to the other 100 kDa HA derived NPs, but its HD was around 100 nm, which was consistent with the 10 kDa-based NPs. Smaller nanoparticles, e.g.
<50 nm have the highest rate of endocytosis, whereas those larger than 100 nm get progressively slower as the NP gets bigger [42] . It is likely that NanoCy7.5 size, specific and nonspecific receptor interaction, and extent of hydrophobic conjugation all have an effect on HA-based NP cell interaction.
A panel of NanoCy7.5 NPs developed in this report demonstrate interesting properties with respect to their size, fluorescence activation-quenching as well as CD44 targeting ability.
The multifunctionality of these nanoparticle conjugates can open up numerous formulation possibilities for imaging and therapeutic delivery. One can select a combination of different NP to achieve high vs. low targeting ability, NP size and optical properties.
Conclusion
We have developed new biodegradable, NIR fluorescent NP imaging agents based on low (10kDa) and high (100kDa) molecular weight HA. This is an initial study of variable MW HA NP imaging agents for studying cancer cell targeting ability and optical properties. We observed variable particle size (50-400 nm diameter) and targeting, which were both dependent on the molecular weight of HA. Both high and low MW HA NPs were endocytosed by MDA-MB 231 and PC-3 cells via energy-dependent pathways and demonstrated low cytotoxicity (more than 80% cell survival). High MW HA was able to inhibit NP uptake (up to 50% inhibition) unlike low MW HA possibly due to multivalent interaction with the receptors and less reversible binding. We expect future in vivo studies to demonstrate differences in biodistribution,
Statement of Significance
Here, hyaluronic acid (HA), a well-studied biomacromolecule, is modified with a near infrared fluorophore and a hydrophobic moiety. The significance of this work, especially for imaging applications, is that the impact of HA molecular weight and the hydrophobic moiety conjugation degree on fluorescence and cell interaction can be predicted. With respect to existing literature, the eventual use of these HA-based NPs is image-guided surgery; thus, we focus on the dye, Cy7.5, for conjugation, which is more NIR than most existing HA literature. Furthermore, HA is a ligand for CD44, which is associated with cancer and tumor microenvironment cells. Systematic studies in this work highlight that HA can be tuned to maximize or minimize CD44 binding.
